Light Weight Gloves with Self-sensing Smart Actuators for Work Stress Reduction  by Müller, Ulf et al.
2351-9789 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of AHFE Conference
doi: 10.1016/j.promfg.2015.07.308 
 Procedia Manufacturing  3 ( 2015 )  1426 – 1433 
Available online at www.sciencedirect.com 
ScienceDirect
6th International Conference on Applied Human Factors and Ergonomics (AHFE 2015) and the 
Affiliated Conferences, AHFE 2015
Light weight gloves with self-sensing smart actuators for work 
stress reduction 
Ulf Müllera, Peter Gustb, Tilmann Spitza,*, Nico Fellera, Sebastian Kampa
aLaboratory of Manufacturing Systems, Cologne University of Applied Sciences, 50679 Cologne, Cologne Germany
bInstitute for Engineering Design,University of Wuppertal, Wuppertal Germany
Abstract
This article deals with the technical feasibility of light weight gloves with self-sensing smart actuators. This concept of a 
supporting glove system was developed to reduce hand stresses of facility employees while working. The aim is a compact 
system equipped with smart memory alloy wires working as actuator. Simultaneously it should be used for different measuring 
processes such as wire resistance and forces produced while gripping. To obtain the best possible support, the glove system 
weight must be as low as possible and dimensions should be reduced to minimum. For this purpose all subsystem must be 
developed, built and tested. The realization of the main systems is presented in this article. Moreover difficulties are discussed 
and further procedures explained.
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SMA smart memory alloy
NiTi nickel titanium
During an employee’s everyday life, different work processes in facilities stress the human hand constantly. The 
work that is done with the hand varies between fine position tasks and heavy load movement. In short periods of 
time, the bad influence may not be that high. But being exposed to such stress for months or even years will 
automatically lead to degenerative damages.
In technical and mechanical jobs, the hand has to take permanent strain caused by the work itself. To reduce these 
factors, the hand can be supported by a light weight glove with shape memory alloy wire actuators (SMA). SMA 
wires may be included in the fabric of gloves, so they do not need any additional structures. Because of the high 
performance and the minimum weight, the user can be optimally supported by this system. 
Several subsystems must work together in a small system to obtain a partially or fully hand supporting glove. The 
following picture shows a possible product structure of a multiple function system put together in one glove fabric.
Fig. 1. Possible product structure of supporting light weight glove.
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x Agonist: SMA wires located on the inner surface of the hand should be used for bending the fingers to perform 
any grip pattern needed. The force provided by the SMA wires is used to support the users, but not to replace 
them. Additionally, the resistance of the material is used to detect the actual length of the wire for feedback 
issues.
x Antagonist: SMA wires located on the outer surface of the hand should be used to straighten the fingers to release 
the performed grip. The force of the SMA wires may not be too high to avoid any damages. Additionally, the 
resistance of the material is also used to detect the actual length of the wire for feedback issues.
x Capacitive touch sensor: Multiple sensor grid areas are located in the inner surface of the hand. The touch sensor 
grid consists of several copper wires and SMA wires combined as differential capacitor.
x Multiple area touch: Several capacitive sensing areas are strategically placed in the inner surface of the hand. 
While gripping, the contact areas are able to measure the forces occurring and the specific type of grip pattern.
x Plug-n-play system: A removable and reusable system of control and energy parts is used. If the glove is worn, 
the user is able to unplug the control and energy system. After switching to a fresh pair of gloves, the worker 
plugs the system back in and the glove is ready for use. With this plug-n-play solution, not only the expensive 
electronic parts can be reused, the energy source can be changed with a charged one as well.
x Redundancy in electronic parts: All electronic parts and programmed algorithms are present multiple times as 
well as watchdog functions in the microcontroller to ensure highest level of safety.
Based on the considerations mentioned above, a project was started to evaluate technical feasibility of supporting 
gloves with SMA wires. The aim is to check all subsystems and prove their technical implementation. In the end, an
assessment will be made as to whether the project will be continued or not.
2. System parts
Designing supporting gloves as introduced above needs several considerations about the materials that are usable
for products like this. Hereinafter the main parts and functions for a high tech fabric are presented. Furthermore, the 
pros and cons are mentioned and the difficulties in using the materials discussed.
2.1. Smart memory alloy material
Shape memory alloys are part of the smart materials group. This classification is based on the materials’ flexible 
applications. SMA wires can be used as an actuator or as a sensor or both at the same time. With this opportunity,
the material is highly recommended for compact self-sensing systems. Products with small installation space and 
maximum efficiency can be developed with it.
There are several possibilities for alloy mix combinations to produce SMA materials. The most common mix in 
terms of technical relevance consists of nickel and titanium (NiTi). The result of this combination is the maximum 
changes of the overall wire length while having best technical control and very low material costs. Energy density of 
NiTi alloys is around 10 J/cm³; the usable wire deformation is about 8% of the length.
Technically, the deformation is achieved via a phase transition and shifting of the crystalline grid structure.  The
following picture shows the level shifting of the grid structure.
Fig. 2. Crystalline shifting of SMA material [1].
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Basically, the SMA effect can be differentiated into two categories. To categorize the SMA material, the 
technical effect has to be considered. The main categories are divided into the mechanical effect and into the thermal 
effect.
2.1.1. Mechanical/pseudoelastic effect
The mechanical effect, also called the pseudoelastic effect, is based on changes in material stress. The induction 
of material stress causes transformations from austenitic structure to martensitic. Pseudoelastic stretching about 
6 to 8% is possible. After reducing the load, the material moves back into its original shape. Plastic deformations are 
not expected.
2.1.2. Thermal/pseudoplastic effect
The thermal effect of SMA materials, also called the pseudoplastic effect, can be divided into two more 
subcategories.
2.1.2.1. One way effect
First there is the one way effect. This is a thermomechanical material behavior that is the main reason for the 
material’s name. If an alloy of martensitic structure is pseudoelastically deformed below the elastic limit, the 
deformation can be reversed by thermal activation. Repeating the warming and cooling process does not lead to 
additional change of shape. The term ‘one way’ refers to the unidirectional change of shape. Moreover it is the 
reason why this effect is not usable for actuators.
2.1.2.2. Two way effect
Secondly there is the two way effect, which is subcategorized in extrinsic and intrinsic.
In the extrinsic two way effect, the restoring force is generated by an external part. This effect can be used very 
well for an actuator in many ways. Via thermal activation, a structural transformation is forced. The result is an 
austenitic structure. The actuator overall length is reduced up to 8% with this process. If the thermal activation is 
interrupted, the structural transformation is reversed. This results in a martensitic alloy. Now the external force can 
stretch the martensitic material back to its initial length. This process can be repeated many times. The maximum 
number of duty cycles can be up to 10^5 times.
The amount of needed energy for an extrinsic transformation is much lower than the action potential generated 
during thermal activation. This fact makes using a SMA element for stretching another SMA element back to its 
initial length possible.
The intrinsic effect is based on a temperature-dependent change of shape. This effect has two different conditions 
stored in the material. The activation of the condition depends on the actual temperature. These conditions must be 
trained or programmed into the material.
In the end, the extrinsic two way effect has successfully proven its potential in practical applications. This effect 
has excellent cycle stability and minimal memory loss. Moreover, higher forces can be realized as well as higher 
changes in length.
2.2. Self-sensing and controlling
Self-sensing effect is a usable feature of SMA materials. It is a special technique where a single actor element can 
be used as a measuring unit at the same time. It leads to a system with no additional measuring system. The 
information about the actual length of the material is generated by itself.  These values can be used for controlling 
issues.
The length information of SMA material based on NiTi alloys is calculated from its inner resistance, which 
changes similar to the change in length. For example if a NiTi wire is shortened caused by heating, its inner 
resistance is reduced simultaneously. 
Measuring the resistance of a conductor can be performed in multiple ways. In electrical engineering one of the 
most common ways for realization is to measure current and voltage. Afterwards resistance is calculated from both 
values. This technique has proven effective in practice and it is therefore used in conventional multimeters.
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The realization of this technical solution along with SMA materials presents difficulties. While measuring, the 
SMA wire must be supplied with current. This results in warming the wire and causes a contraction. Shortening the 
wire finally leads to a modified resistance of the SMA wire. In this way, the measuring process causes a 
measurement error and exact controlling becomes impossible. 
To minimize the influence of this error it is necessary to perform the measurement within the shortest time 
possible. In the light of these considerations, continuous measurements are impossible.
2.2.1. Testing
To ensure and prove the theory, check functionality and usability of a self-sensing system consisting of SMA 
wires, a test rig was built. Therefor a system with two wires and several electronic parts for controlling was 
constructed. The following picture shows the test rig.
Fig. 3. Test rig consisting of two SMA wires and electronic parts.
Basically, the rig consists of two facing galvanically isolated wires. Each wire has to be isolated from any 
metallic material to run within normal parameters. The wires are connected to a system of transistor circuits. This is 
necessary because the signals coming out of the connected microcontroller are not powerful enough for heating the 
wires. Signals from microcontroller run at 5V and about 40mA current. Warming the wire would take a lot of time 
and length changing would be extremely slow, thus the wire is powered with 12V und up to 500mA with MOSFET 
circuits via transistors.
Controlling the amount of power that is actually needed at a specific time is the task of the microcontroller. A 
special function is used to regulate the power called pulse width modulation. The function creates a constantly
repeating rectangular pulse wave. Voltage and current are constant at about 5V and 40mA. Basic frequency of the 
signal is predefined at 3906 Hz and also fixed. The high basic frequency allows measuring with lower effective 
voltage. The result is many less errors caused by the measuring itself.
Just changing the on time of the signal and changing the cycle duration leads to different output values of 
voltage. 
Fig. 4. (a) PWM signal with low effective voltage output; (b) PWM signal with high effective voltage output.
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According to the formula 
(1)
where P is power, U is voltage and I is current, the amount of power varies when U changes and I remains 
constant. The resulting signal is routed into the MOSFET to enable or disable the 12V power source when PWM 
signal is high or low.  This set up is able to power and heat the wire.
For measuring there are additional parts that need to be routed into the circuit mentioned above. First of all, an 
integrated circuit is built in that measures the voltage and current. Connection and data transfer to the microchip is 
realized via I2C. The IC must be placed on the high side, i.e., it is placed in line before the wire. Secondly, the 
MOSFET that is used is P-Channel. Using it in this configuration a transistor is needed for triggering the MOSFET. 
Otherwise the amount of voltage at the triggering port (gate) is not high enough. 
The picture below (Figure 5) shows the complete circuit and all parts build in for a self-sensing set up.
Besides the physical arrangement of the parts, the software has to be written as well. Coordination of controlling, 
measuring and analysis is realized with a microcontroller. The biggest problem in implementation is the timing 
between controlling processes and measuring processes. Smooth and precise controlling is only possible when
Fig. 5. measuring circuit.
Fig. 6. PWM signal with measuring interruption.
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continuously heating the wire. Therefore power is constantly routed into the wire. But measuring the resistance of 
the wire without creating any errors is only possible when there is only little current routed into the wire.  
To ensure an errorless measurement, the PWM function must be interrupted for a few milliseconds to perform the 
resistance measurement. On one hand, the interruption may not be too long because otherwise the wire would cool 
down. Changes in resistance and position would be the consequence. On the other hand, if the break time is too
short, current levels cannot be pulled down to a minimum for measuring. The wire would be heated too long and 
again changes in resistance and position would be the consequence. To achieve useful results, a perfect balance for 
powering the wire and interruption time must be found. 
This experimental setup with two contrary arranged wires allows an active positioning in two directions. Every 
position between the maximum and minimum of each wire is reachable. Moving the wire back to its initial length is 
done via the counter part. It is possible because lower forces are needed for extrinsic deformation (wire back to its
initial length) than forces that were produced while heating the wire. The setup shows that considerations made 
before about using self-sensing effects for controlling issues were correct. With this effect, a positioning accuracy 
about ± 0.25 mm is reachable. 
2.3. Capacitive touch sensor out of SMA wires
Besides the self-sensing measuring, the system should be able to realize two additional functions. On the one 
hand, it must recognize different gripping patterns. On the other hand, the system must measure the force used with 
each grip pattern.
Nowadays, force measuring is very easy and can be realized with many different systems. But to reduce weight 
and dimensions of the glove, the plan is to measure the forces occurring with the SMA wires that are already used 
for self-sensing and actor. Additionally, SMA wires should be used for the grip pattern sensing as well. The result 
would be the most effective measuring system that can be realized with these parts, but to implement this 
functionality, a new system architecture must be devolved. Moreover a suitable measuring principle must be chosen, 
wire arrangements revised and implemented.
First of all the measuring system must be designed. Therefore numerous different experimental setups were 
created. In the end the most promising setup was one with the principle of a differential capacitor. Afterwards the 
wire arrangement was improved and built up. The result is shown in the picture below (Figure 7).
Final construction is a three-wire system as shown. The three wires are crossed in one single point. The aim is to 
measure a change in capacities in that point. For this reason two measurements were made, one between the middle 
wire and the lower one, the other one between the middle wire and the upper one. In this case two measurements are 
needed to reduce errors. If the middle wire moves up or down, the capacities changes in both measurements. 
Afterwards the calculation returns the difference in capacity. With capacity values and the time it takes for changing 
it is possible to calculate forces produced while gripping.
Fig. 7. (a) three-wire measuring system (top view) ; (b) three-wire measuring system (detail, side view).
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(2)
Measured forces can be used to regulate the wires to perform a supporting grip. Depending on which grip is 
executed, supporting forces can reach up to 50N in total. 
For recognition of grip patterns the objective is a distinction between two patterns; power grip and precision grip.
Therefore multiple measuring points consisting of a three-wire system are placed all over the inner side of the hand. 
Depending on which grip is performed, different measuring zones are used or not and forces are higher or lower.
3. Conclusion
All experiments conducted so far have shown that designing a supporting glove with SMA wires should be 
possible. Even using the SMA wire as the actor and for two measuring systems it is generally possible. Self-sensing 
effects from SMA wires can be used for controlling the material’s behavior. One wire can be used as actor and 
sensor at the same time. Also realizable is building a unit out of multiple SMA wires for force measuring and grip 
pattern sensing. All experiments delivered the desired results. The project can continue as planned and further 
experiments can be performed.
4. Prospect
Developing process of a prototype of supporting gloves that are usable in real life is just at the beginning. The 
next step is to optimize the measuring system. Given the fact that the glove should be as light as possible it is 
planned to perform the force measurement and grip pattern sensing with the same SMA wires that are used as actor. 
But using the wire as actor also means that it is used for self-sensing as well. Taking all this into account the system 
must perform three measurements and one regulation nearly at the same time. 
As already mentioned in section 2, the measurements and wire regulation can be performed just one by one. For 
this reason, suitable software must be written that can handle all measuring instruments and controlling parts. PWM 
signal has to be adapted as well. Up to two more measurement must be handled while regulation of the wire is 
paused. 
When all technical problems are solved, the SMA wire system must be embedded into the fabric of the glove. 
Therefore, important safety engineering issues such as risks of injury, emergency procedures, failure safety and 
safety standards should be respected. 
In the end, a fully operational supporting pair of gloves must be produced and all functions shall be validated.
In the future, this system can provide workers with age related decreasing abilities to stay longer in their job or 
prevent younger people from sickness caused by work strain. Another application is that patients may use it to train 
the mobility of their fingers probably after an apoplectic stroke. Furthermore the system can be used to help elderly 
people who have a tremor to keep a steady hand.
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